B-cell development and function requires the products of the Vav family of genes. Vav proteins act as key components of the antigen receptor signal transduction machinery by integration of signals that control the cell cycle, differentiation and apoptosis. At the molecular level, Vav proteins regulate small-molecular-mass GTPases, phosphoinositide 3-kinase, T E C family tyrosine kinases and intracellular calcium flux.
Introduction
T h e development of B-cells proceeds through a well defined set of stages [l] . Signal transduction events elicted by the antigen receptor or its precursors are absolutely necessary for survival and selection of B-cells at multiple checkpoints. Thus the functional assembly of, and signal transduction through, a pre-B-cell receptor (BCR) that contains an immunoglobulin heavy chain is critical for the proliferation of pre-B cells. Furthermore, this receptor complex signals allelic exclusion, the process through which further heavy chain rearrangements are halted. Upon successful rearrangement of light chains, immature B-cells require signal transduction through newly expressed surface IgM molecules in order to undergo maturation into long-living mature recirculating B-cells. In mature B-lymphocytes, activation mediated through the antigen receptor orchestrates integration of the cell cycle, transcription and differentiation. Therefore, understanding the mechanism of BCR signalling will lead to a greater understanding of B-cell development, the balance between tolerance and autoimmunity, and the selection of high-affinity antibody-producing variants.
One of the hallmarks of BCR signal transduction is the mobilization of intracellular Ca2+. Ca2' fluxes have been implicated in the selection events that regulate B-cell maturation and in antigen-receptor-triggered proliferation [2, 3] . A number of mutations in signalling molecules have been identified in humans, chicken DT40 cells and in transgenic mice that compromise B-cell development and BCR-induced Ca2+ release [4, 5] .
Immunodeficient xid mice lack a functional Bruton's tyrosine kinase (Btk) owing to a point mutation in the pleckstrin homology domain that renders Btk unable to interact with phosphatidylinositol3,4,5-trisphosphate [6] . As a consequence of this, Btk cannot be recruited to membraneassociated signalling complexes and thus cannot be activated. Mutations of the p85a regulatory subunit of phosphoinositide 3-kinase (PI 3-kinase), phospholipase Cy2 (PLC-y2) and B-cell linker protein [also known as SLP-65 (SH2-containing lymphocyte protein of 65 kDa) or BASH (B-cell adapter with SH2 domain)] also give rise to defects in peripheral B-cell maturation. All of these proteins may interact physically to form a signalling complex that is termed the ' signalosome ' or ' receptorsome ', the best characterized function of which is to regulate the PLC-y2 after antigen-receptor ligation [4, 5] .
Vav proteins are guanine nucleotide exchange factors that activate a subgroup of Rho GTPases (Racl, Rac2 and RhoG) by promoting the exchange of G D P for G T P . Vav proteins are phosphorylated and activated rapidly upon antigen-receptor engagement, and provide the major, and perhaps only, link between the antigen receptor and Rho family of GTPases exception of the Bl subset, which is Vav-ldependent [8-111. However, subsequent analysis has revealed there is a modest decrease in the most mature population of splenic B-cells, which are referred to as IgM"IgDh' cells [12, 13] . T h e numbers of B-cells in the peripheral lymphoid organs of Vav-2-deficient mice were not different from littermate controls, which suggests that Vav-2 was not absolutely required for B-lymphocyte development. In the bone marrow of Vav-l--/Vav-2--mice, immature B-cells are present in normal numbers, but there are far fewer recirculating B-cells [12, 13] . In these mice, many splenic and lymph node B-cells remain immature, express high levels of IgM and do not upregulate expression of surface IgD. Thus the majority of B-cells in Vav-l--/Vav-2--mice are phenotypically immature. It is thought that immature peripheral B-cells require BCR-mediated signals to progress to the more mature IgM'"IgDh' stage [1, 14] . A requirement for both Vav-1 and Vav-2 for optimal BCR signalling at this stage of B-cell development could explain the dramatic decrease in the numbers of mature peripheral B-cells in Vav-1-and Vav-2-deficient mice. However, our findings could reflect defective selection or migration of immature B-cells from the bone marrow, or that alternatively, the survival of mature Bcells, which is dependent upon low levels of ' tonic' BCR signalling [15] , may require Vav function. T-D antigens is also defective; however, the cellular basis has not been established [12] . T h e response to type-2 thymus-independent (TI-2) antigens is often considered to be T-cellindependent because the antigenic stimuli are often polymeric, repetitive structures, such as those found in bacterial capsular antigens. These repeating units drive B-cell responses by extensively cross-linking the BCRs. T o determine the roles of Vav proteins in these responses, we immunized Vav-deficient mice intraperitoneally with the T I -2 antigen, dinitrophenol-ficoll. B-cells from Vav-l--mice respond relatively well to such antigens, while the response of Vav-2-'-mice is impaired [10, 12, 13] . Vav-l-'-/Vav-2--mice are further impaired, which highlights a redundancy between these two proteins [13] . Recently, marginal zone B-cells have been identified as the population that is principally responsible for the TI-2 response [16] . In Vav-2-'-mice, CD21hiKhCD23d""B220+ marginal zone B-cells were not reduced in number. Our results favour the suggestion that there is a defect in the ability of Vav-2-deficient B-cells to respond to T I -2 antigens.
Response of Vav-deficient mice to immune challenge

Signal transduction in Vav-deficient B-cells
In both Vav-1-'-and Vav-l-'-/Vav-2-'-mice, the ability of mature B-cells to proliferate following BCR stimulation is impaired [12, 13] . T h e level of impairment is particularly evident when surface IgM is cross-linked under conditions of low avidity. In Vav-1-l-B-cells, the BCR-elicted induction of cyclin D2 expression is blocked and this may account for the defective replicative capacity of the cells [17] . T o examine the role of Vav-1 and Vav-2 in BCR-elicited calcium flux, we measured changes in intracellular Ca2+ concentrations after cross-linking of the BCR complex. These studies showed that Ca2+ fluxes were reduced in the Vav-1-or Vav-2-deficient B-cells. This was particularly evident when a low dose of anti-IgM was used. At higher doses, Vav-1-or Vav-2-deficient B-cells responded at almost normal levels; however, B-cells that lacked both Vav-1 and Vav-2 remained unresponsive. These studies indicate that both Vav-1 and Vav-2 are required for the full coupling of BCR activation to Ca2+ mobilization.
We have explored the mechanisms responsible for regulating Ca2+ release following BCR stimulation. Studies of Vav-1 -deficient mice provided support for the suggestion that Vav-1-Rac-mediated activation of phosphatidylinositol-4-phosphate 5-kinase may control production of phosphatidylinositol 4,5-bisphosphate, the substrate for 191. In this model, depletion of phosphatidylinositol 4,s-bisphosphate leads to reduced inositol 3,4,5-trisphosphate production and Ca2+ release would cease before the opening of plasma membrane Ca2+ channels. We have now obtained evidence to suggest that the mechanism by which Vav proteins control Ca2' flux in B-cells is, in part, through the regulation of PLC-y2 activation. In B-cells from Vav-l-'-/Vav-2-'-mice, BCR-stimulated PLC-y2 phosphorylation and lipase activity are reduced (E. Clayton, E. Vigorito, C. O'Malley, T. Kurosaki, D. J. Rawlings, and M . Turner, unpublished work) . Importantly, this experiment analysed PLC-y2 activity under conditions with an excess of substrate, thus revealing an intrinsic defect in enzyme activation. As Btk is required for proper activation of the lipase [20], we explored the possibility that the failure to activate PLC-y2 is caused by the defective activation of Btk in B-cells. BCRstimulated phosphorylation of Btk was found to be reduced in the absence of Vav-1 or Vav-2 and undetectable in Vav-l-'-/Vav-2-'- Rawlings, and M . Turner, . We measured BCR-stimulated PI 3-kinase activity by immunoprecipitation of p85, followed by an in vitro kinase assay. We found BCR-stimulated activation of PI 3-kinase was defective in Vav-l-'-/Vav-2-'-murine B-cells. Taken together with the observation that Rac GTPases can enhance the activity of Class Ia PI 3-kinases by direct binding to the regulatory p85 subunit of the p85/p110 heterodimer [18, 26, 27] , these studies suggest a guaninenucleotide-exchange-factor-dependent role for Vav proteins in the activation of P I 3-kinase. In addition, a deficiency in the generation of phosphatidylinositol 3,4,5-trisphosphate may not only adversely affect the activation of Tec family kinases and the subsequent tyrosine phosphorylation and activation of PLC-y isoforms, but may also affect the proper localization and activation of other lipid-binding-domain-containing molecules, such as PLC-y isoforms and perhaps Vav proteins.
In conclusion, there now exists strong evidence of a role for Vav proteins in the signal transduction by the BCR. Studies using genetically manipulated mice have proved fruitful in defining both the physiological possesses and the molecular mechanism of Vav function. Vav proteins act to control the activity of multiple tyrosine and lipid kinases and serve as a point of integration of signalling pathways. 1073-I083
